Presented is an extension of the CHARMM General force field (CGenFF) to enable the modeling of sulfonyl-containing compounds. Model compounds containing chemical moieties such as sulfone, sulfonamide, sulfonate and sulfamate were used as the basis for the parameter optimization. Targeting high-level quantum mechanical and experimental crystal data, the new parameters were optimized in a hierarchical fashion designed to maintain compatibility with the remainder of the CHARMM additive force field. The optimized parameters satisfactorily reproduced equilibrium geometries, vibrational frequencies, interactions with water, gas phase dipole moments and dihedral potential energy scans. Validation involved both crystalline and liquid phase calculations showing the newly developed parameters to satisfactorily reproduce experimental unit cell geometries, crystal intramolecular geometries and pure solvent densities. The force field was subsequently applied to study conformational preference of a sulfonamide based peptide system. Good agreement with experimental IR/NMR data further validated the newly developed CGenFF parameters as a tool to investigate the dynamic behavior of sulfonyl groups in a biological environment. CGenFF now covers sulfonyl group containing moieties allowing for modeling and simulation of sulfonyl-containing compounds in the context of biomolecular systems including compounds of medicinal interest.
Introduction
Sulfonyl-containing compounds, with the general formula R-S(=O) 2 -R′ (Figure 1(a) ), compose an important class of chemical moieties that are of medicinal and industrial interest. These include variations of the sulfonyl group such as sulfone (R=C, R′=C), sulfonate (R=C, R′=O), sulfonamide (R=C, R′=N), and sulfamate (R=N, R′=O). Sulfone derivatives were found to have varied antibacterial activities 1 and are seen in several commercial pharmaceutical products including the drug Dapsone. 2 In polymer form sulfone derivatives have gained prominence in material science, being used as the basis for proton exchange membranes due to their excellent chemical and thermal stability. 3 Sulfonate derivatives, or so-called sulfonic esters, include bioactive compounds 4, 5 and are used as DNA alkylating agents to induce mutagenesis in experiments. 6 As the R-SO 2 O − moiety is a good leaving group, sulfonate derivatives are commonly used as reagents in organic synthesis. 7 And in a final example, sulfonate anions are frequently used in the studies of ionic liquids. 8 Sulfonamides are common in medicinal compounds and have been shown to have various inhibitory activities such as antibacterial, antitumor, antithyroid and anti-carbonic anhydrase activities. 9, 10 They have long been in clinical use and occur in many commercial drugs such as hydrochlorothiazide (HCTZ) in a cyclic form and sulfisoxazole in an acyclic form. 11 In addition, the sulfonamide motif plays an important role in organic synthesis 12 and serves as a useful linkage to create novel analogs of peptides, 13 DNA 14 and saccharides. 15 Also, their polymer forms have applications in the fields of biomedical and bioengineering as hydrogels. 16 Though not as common as sulfonamides, sulfamate derivatives have specific biological activities and occur in therapeutic agents such as steroid sulfatase 17 and aminoacyl-tRNA synthetases inhibitors. 18 These species are also used as linkages in organic synthesis to introduce chemical diversity and to generate new biologically active compounds. 19 Computational approaches are useful to improve understanding of structure, function and dynamic processes of molecules, which helps interpret experimental results and guide the design of experiments. A number of quantum mechanical (QM) studies employing semiempirical, ab initio and density functional theory (DFT) methods have been performed on sulfonyl-containing compounds to understand their conformational preference, 20 infrared vibrational (IR) spectra, 21, 22 nuclear magnetic resonance (NMR) chemical shifts, 23 hydrogen bonding, 24 gas-phase acidity 25 and basicity, 26 pK a , lipophilicity and solubility. 27 However, while often of high accuracy, the polynomial increase in cost of QM calculations with increased system size * limits their application to study larger systems such as ligandprotein complexes and biomolecular conformational changes in aqueous environments. To study these and related types of systems, force field based molecular mechanics (MM) approaches offer great potential.
As MM methods are based on simple parametric energy functions, the quality of the force field parameters determines the reliability of the MM results. 28 Targeting high-level QM and experimental data, the CHARMM additive all-atom force field has been developed for proteins, 29, 30 nucleic acids, [31] [32] [33] [34] lipids 35, 36 and carbohydrates 37, 38 and shown to be capable of accurately reproducing a number of experimental results. 39 Compatible with the remainder of the CHARMM additive force field, the CHARMM General Force Field (CGenFF) is aimed at simulating drug-like molecules. 40 Based on a consistent optimization protocol, CGenFF was designed to be highly general, covering a wide range of chemical functionalities. CGenFF is designed such that parameters from highly optimized chemical building blocks can be easily combined into larger molecules that contain those functional units. This allows for treatment of a wide range of molecules, with the range of molecules as well as the quality of the model only limited by the range of chemical entities for which CGenFF has been parameterized.
In this paper, CGenFF is extended to cover sulfonyl-containing chemical groups. Parameters for a series of sulfonyl-containing model compounds, including sulfones, sulfonates, sulfonamides and sulfomates, were fully optimized in a hierarchical fashion targeting highlevel QM and experimental crystal data. The developed parameters were validated by comparing computed crystal intramolecular geometries and unit cell parameters as well as pure solvent densities with experimental reference values. The parameters were then used to study the conformational preference of a sulfonamide containing peptide system, showing their utility to study the role of a sulfonyl chemical group in a biomolecular context.
Methods
All empirical force field calculations were performed with the CHARMM program 41 using the same potential energy function as used for the remainder of the CHARMM all-atom additive force field as previously described. 29 Quantum mechanical (QM) calculations were performed using the Gaussian 09 program. 42 Geometry optimizations and vibrational calculations were done at the MP2/6-31G(d) level 43, 44 with tight tolerances and target QM frequencies were scaled by 0.943 to account for limitations in the level of theory. 45 To obtain QM target data for charge optimization, water molecules in the TIP3P geometry were individually placed at optimized geometries interacting with hydrogen bond donors and acceptor in the model compound at its monomer MP2/6-31G(d) optimized conformation. The interaction distance was optimized at the HF/6-31G(d) level with all other degrees of freedom fixed for each interacting pair. In order to yield parameters appropriate for the condensed phase simulation, the HF/6-31G(d) interaction energies were scaled by a factor of 1.16 and an offset of −0.2 Å was targeted for moderate to strong model compound-water interactions. 28, 46 Relaxed potential energy scans (PES) were performed at the MP2/6-31G(d) level; during the scan, the dihedral angle(s) being scanned was constrained while other degrees of freedom were fully optimized. For sulfonamide model compounds with amino group, improper dihedral PES were performed on the nitrogen with an increment of 3°; the same increment was used for out-of-plane scans of the cyclic sulfonamide model compound. In other cases, PES scans were performed either with an increment of 10° for asymmetric molecules (full 360° degree range) or an increment of 5° for symmetric molecules (180° or 120° degree range depending on the symmetry). Tests at the MP2/ccpVTZ//MP2/6-31G(d) level of theory were also performed to get a general idea on how the PES results depend on the basis set. Similar PESs were found for the 4 representative model compounds tested, as shown in the Figure S1 of the supporting information (SI), with a root mean square difference of 0.4 kcal/mol. Thus, the MP2/6-31G(d) level of theory is a good compromise between accuracy and efficiency for the PESs of the studied systems.
Gas phase MM energy minimizations were performed using the conjugate gradient minimization method followed with the Newton-Raphson minimization algorithm to a gradient tolerance of 10 −5 kcal/(mol Å) using an infinite nonbond interaction cutoff distance. Vibrational calculations were done using the VIBRAN module and corresponding potential energy distribution (PED) analyses were carried out using MOLVIB module with internal valence coordinates as proposed by Pulay et al. 47 Water was modeled using a modified version of the TIP3P water model. 48, 49 MM PES were performed by reading the QM geometries of all the scan points into CHARMM and harmonic restrains with force constant of 10,000 kcal/(mol radian) were placed on the target dihedral angle(s) followed by minimization of all other degrees of freedom.
Crystal and pure solvent molecular dynamics (MD) simulations were performed using periodic boundary conditions. 50 The particle mesh Ewald method 51 with a real space cutoff of 12 Å was used to treat Coulomb interactions and a force-switching function 52 was applied to smooth Lennard-Jones (LJ) interactions over the range of 10 -12 Å. For LJ interactions beyond 12 Å, a long-range correction was applied. 50 The Leapfrog integrator 53 was used with a time step of 1 fs (crystal) or 2 fs (pure solvent) to integrate the equations of motion.
The SHAKE algorithm 54 was applied to constrain the length of covalent bonds involving hydrogen to their equilibrium values. The isothermal-isobaric ensemble (NPT) was generated with Nosé-Hoover thermostat 55, 56 and Langevin piston barostat. 57 Crystal simulations were initiated with structures retrieved from the Cambridge Structural Database (CSD) 58 . Periodic boundary conditions were set up in accordance with the experimental unit cell length and angle parameters. With harmonic restraints of 1 kcal/(mol Å) on all atoms, each system was first minimized with 1,000 steepest descent (SD) steps followed by 500 adopted basis Newton-Raphson (ABNR) steps and then gradually heated to the relevant experimental temperature during a 100 ps MD simulation. This was followed by a 100 ps simulation in the NVT ensemble with the same harmonic restraints and another 100 ps NVT simulation without any restraints. Then a 100 ps NPT simulation at the experimental temperature and pressure was performed to further equilibrate the system and finally a 5 ns production run was performed. Unit cell length parameters were allowed to vary independently with unit cell angle parameters of 90° were constrained, while those not 90° were allowed to vary independently.
For pure solvent simulations, a cubic box containing 125 copies of the model compound was constructed by placing a copy of the molecule on each grid point of a cubic 5×5×5 lattice. The grid spacing was chosen to correspond to the experimental molecular volume. Each system was first minimized with 500 SD steps and then gradually heated to the relevant experimental temperature during a 10 ps MD simulation. This was followed by a 10 ps NVT equilibrium and a 500 ps NPT simulation to further equilibrate the system. The production simulations were performed for 5 ns and the volume of the systems were monitored allowing for calculation of the density using eq. (1). (1) Here, N is the number of molecules and MW is the molecular weight of the model compound in atomic mass unit, <V> is the average volume of the whole system calculated in Å 3 and the calculated density ρ is in g/cm 3 . The experimental density data were collected from the CRC Handbook of Chemistry and Physics. 59 The simulation of a sulfonamide-based peptide in deuterated chloroform solution at room temperature 13 was performed using the CHARMM22 protein force field with CMAP correction 30 in combination with the developed CGenFF parameters. The rigid chloroform model of Dietz and Heinzinger (DH model), 60 which has been shown to reproduce the experimental liquid properties 61 was translated into CHARMM parameter format and used to describe chloroform. System preparation involved generation of a cubic box containing 512 copies of chloroform by placing each molecule on the grid points of a cubic 8×8×8 lattice. The grid spacing was chosen to correspond to the experimental density of deuterated chloroform at 25 °C which is 1.50 g/cm 3 . The scalar facility in CHARMM was used to set the mass of the hydrogen atom in chloroform from that of a proton to that of a deuterium. The peptide in its extended structure was then placed in the deuterated chloroform box and chloroform molecules within 2 Å from the peptide were deleted and a harmonic restraint of 1 kcal/(mol Å) was applied to the center of mass of the peptide using CHARMM's MMFP facility to keep it in the center of the box during the simulation. The SHAKE algorithm was applied to constrain covalent bonds involving hydrogen and to keep the chloroform molecule rigid. The same Coulomb and LJ interaction treatments, integrator, thermostat and barostat setups as described above were used for the simulation.
The system was minimized with 1000 SD steps and then gradually heated to the relevant experimental temperature during a 10 ps MD simulation. This was followed by a 10 ps NVT equilibration and a 100 ps NPT simulation to further equilibrate the system. In order to obtain enhanced sampling, temperature replica exchange MD simulations 62 using the REPDstr facility in CHARMM were performed for the production run. Eight replicas with temperatures in the range of 298 K to 340 K using exponential spacing (298.0, 303.7, 309.4, 315.3, 321.3, 327.4, 333.7 and 340.0 K) were simulated simultaneously for 10 ns with exchanges conducted every 2 ps during the simulation. As a result, dramatic structural changes occurred during the first 2 ns and, thus, this portion of the trajectory was treated as equilibration. Only the last 8 ns MD trajectory of the first replica was used for the final structural analysis.
Results and Discussion

Parameter optimization overview
The general parametrization procedure has been fully described 40 and only a brief introduction is given here. Following creation of the topology, including assignment of atom types from CGenFF, missing parameters were identified and their initial values transferred from existing parameters by analogy. Initial partial atomic charges were either assigned from similar available chemical groups by analogy, or MP2/6-31G(d) level Merz-Kollman charges 63, 64 were used. Optimization involves an iterative procedure initiated from the MP2/6-31G(d) optimized geometry. Optimization of the charges is based on reproducing the QM water-model compound interaction energies and distances as well as the gas phase dipole moments. Generally, the deviation from the scaled HF/6-31G(d) interaction energy should be within 0.2 kcal/mol, and for neutral polar molecules, the QM dipole moment should be overestimated by 20 to 50% and its orientation should be reproduced. Next, equilibrium values of bond and angle parameters are optimized to reproduce the QM geometry with deviations within 0.03 Å and 3° for bonds and angles, respectively. Force constants are optimized to reproduce the QM PED while aiming for an average deviation of 5% from the scaled QM vibrational frequencies. The dihedral force constants are further optimized targeting the QM PES. Usually, only dihedral parameters defined based on nonhydrogen atoms are optimized based on the PES, with exceptions for dihedrals that involve a strong hydrogen donor such as a hydroxyl group. Following the initial round of optimization, the MM geometry is used and the entire procedure is repeated until convergence; typically only one or two iterations are needed.
During creation of the model compound topologies, new atom types were only introduced when available atom types and their associated parameters did not satisfactorily reproduce the target data. For example, though no atom type with the same chemical environment is found for the sulfonamide nitrogen, the existing atom type used for methylamine nitrogen was adopted considering their similar geometry in our QM calculations. For the sulfur atom, the existing atom types for sulfoxide and sulfate were first considered. However, in both cases, the associated S=O and S-C bond parameters yield overestimated sulfonamide S=O and S-C bond lengths, requiring that a new sulfur atom type be introduced and used for all neutral sulfonyl containing model compounds.
As multiple model compounds contain the same parameters, a hierarchical optimization scheme was used. The model compound with the fewest new parameters was optimized first. Shared parameters were then transferred to the next model compound and new parameters for that compound optimized. If a transferred parameter did not reproduce its related target data, a compromise was made between the optimum parameter for the current compound and the original transferred parameter. The procedure was applied to all the relevant compounds and repeated until all the compounds in the set were fully optimized. In all cases, parametrization was performed in a self-consistent fashion such that whenever one parameter was changed, all properties of all affected compounds were recomputed and other parameters were re-optimized as necessary.
Special attention was paid to covalent bonds involving sulfur. For sulfonamides, MP2 geometries are in good agreement with experimental gas phase geometries. 20 However, significant differences occur between the gas and condensed phases for S=O, S-N and S-O bonds, a trend also observed for P-O bonds in phosphates. 65, 66 In our case, the average MP2 S=O, S-N and S-O bond lengths were 1.463, 1.684, and 1.652 Å, respectively, considering all related model compounds. In contrast, the corresponding condensed phase values are 1.433 Å, 1.621 Å and 1.595 Å, respectively, based on CSD crystal surveys of all related compounds with R values less than 0.05. As the force field is designed for simulations in the condensed phase, optimizing the parameters targeting only the QM bond lengths was inappropriate. Therefore, after the parametrization targeting the QM geometries, the final set of parameters was optimized to reproduce both the crystal and QM geometries, with emphasis on the crystal data. For example, the final MM S-O bond length was designed to be between the crystal average value of 1.595 Å and the QM average value of 1.652 Å, with emphasis on the crystal data resulting in a value around 1.610 Å.
For new sulfur atom types, ideally the LJ parameters are optimized to reproduce pure solvent properties. However, for sulfonyl containing model compounds, due to their high melting points, no liquid heats of vaporization are known and only a few experimental liquid densities are available. Some heats of sublimation data can be found for sulfone derivatives, but no information about the experimental temperature and crystal form is given. While this limited rigorous optimization of those parameters, as the sulfur atom is surrounded by two oxygen atoms and two additional non-hydrogen atoms, the LJ parameters are expected to have relatively little influence on the condensed phase properties. Consistent with this, LJ parameters from dimethylsulfoxide 67 used for the new sulfur atom type were shown to reproduce the experimental pure solvent densities for sulfonate and sulfone model compounds quite well.
Sulfonamides
As the sulfonamide group is a common motif in medicinal chemistry, special emphasis was placed on this moiety. Eight model compounds including both acyclic and cyclic species were used in the optimization, including methanesulfonamide (MSAM), (Figure 1 (b) and 1(c)). This collection of compounds includes both aliphatic and aromatic substitutions at both the sulfonamide S (S terminus) and N (N terminus) atom side as well as a cyclic analog.
Acyclic model compounds-Consistent with a hierarchical optimization scheme, model compound MSAM was first optimized and the resultant parameters transferred to BSAM. The scheme was continued with model compound MMSM and followed by MBSM, EESM, PMSM and finally to PBSM. Only atomic partial charges on unique moieties in the new compounds were optimized, while charges on entities transferred from the parent compound were maintained. For example, charges on the amino group and the two sulfonyl oxygen atoms in BSAM were directly transferred from MSAM. Aromatic C-H groups were assigned the standard charges of −0.115 and +0.115 on carbon and hydrogen atoms, respectively. Only atomic partial charges on the sulfur atom and adjacent aromatic carbon atom were optimized. Atomic charges for the sulfonamide of EESM were transferred from MMSM and additional methyl groups were assigned the CGenFF standard charges, shifting the charge of +0.09 on the methyl hydrogen atoms that were removed during the creation of EESM into their respective parent carbon atoms to retain a net charge of zero. The transferred charges yielded satisfactory agreement with QM dipole moments and water interactions, supporting the notion of transferability of group charges in CGenFF. Figure 2 presents the MM PESs for all model compounds using the final set of optimized parameters along with the QM results. As seen, the QM PESs were reproduced to a satisfactory level of accuracy in all cases. Aside from their use as target data for the dihedral parametrization, the QM S-N PESs show some chemically interesting trends. Compared to MSAM, the S-N PES in BSAM shows a lower barrier and the energy difference between the two minima is smaller by about 2 kcal/mol. This can be attributed to the flat geometry of phenyl group compared to methyl group, which allows the amino group to rotate more easily. A similar effect occurs with MBSM and PMSM when compared to MMSM. In PBSM, the minimum near 60° is energetically favored by 2 kcal/mol, possibly due to favorable stacking interactions between the two phenyl groups. All these effects are reproduced satisfactorily in the MM PESs. Moreover, the good agreement between the MM and QM PESs in EESM and MMSM indicates a high-level of transferability of dihedral parameters involving aliphatic carbon atoms (e.g., atom type CG331 and CG321).
The rotational barriers around S-C and S-N bond in para-methyl-benzenesulfonamide have been studied by Petrov et al.. 20 With the only distinction being an additional methyl group attached to the phenyl ring in para-position, similar behavior as in BSAM is expected. Two stable conformers defined as staggered, where the amino group is staggering the S-C bond, and eclipsed, where the amino group is eclipsing the sulfonyl group, were located in this previous study, which correspond to the two minima shown in Figure 2 The ability of the optimized parameters to reproduce QM geometries, vibrational frequencies, water interactions and dipole moments are presented in Tables S1-S28 in the SI. Statistical analysis of the total performance of the force field considering all the listed properties is shown in Table 1 . Generally, the overall quality of all acyclic sulfonamide parameters is good, with the average deviations within the CGenFF target ranges. The RMS deviations for bonds, angles and dihedrals are 0.019 Å, 1.27° and 3.2°, respectively, which are similar to the RMS deviations for all compounds in the previous CGenFF release (0.016 Å, 1.51° and 7.3°). The S-N and S-O bond lengths are systematically underestimated compared to corresponding MP2 level data in order to reproduce crystal bond lengths. The vibrational frequencies are within acceptable limits with the average deviation of 4.6% indicating that the frequencies are slightly overestimated on average. The larger RMS deviation is caused by relatively high percent deviations in the frequencies lower than 100 cm −1 . However, as these lower frequencies correspond to torsional vibrational modes that are generally parametrized targeting QM PESs, they are considered irrelevant. QM interaction energies with water are well reproduced with an RMS deviation of 0.24 kcal/mol, and the average deviation of −0.24 Å for the water interaction distances is ideal to reproduce bulk phase properties (see below). The gas phase dipole moments are systematically overestimated by 11% and the orientations of the MM dipole moments are, on average, within 6° of the QM orientations.
Cyclic model compound-Optimization of our cyclic model compounds is complicated by the additional rigidity introduced by the ring closure. One of the consequences of this is an increased parameter correlation, as several dihedral parameters and even angles can contribute to the same PES. To partially overcome this problem, dihedral parameters transferred from a corresponding acyclic molecule were used as a starting guess to optimize the dihedral parameters in the cyclic sulfonamide model compound OBTZ.
There are a total of six rotatable bonds in the sulfonamide-containing ring of OBTZ. CGenFF parameters from ortho-disubstituted benzene were used for the bridging C-C bond and parameters for the C-S bond were obtained from MBSM. To facilitate the optimization of the remaining dihedral parameters, an acyclic model compound analogous to OBTZ was designed ( Figure 1C ) and used for initial parameter optimization. In a first attempt, only the dihedral parameters containing non-hydrogen atoms were optimized. However, due to the inability to satisfactorily reproduce the QM PESs, the dihedral parameters involving the sulfonamide hydrogen atoms were also optimized, using additional QM scans on the improper dihedrals around the two sulfonamide nitrogen atoms as an additional source of target data.
MM PESs calculated using the final set of parameters are presented in the left column of Figure 3 for the acyclic model compound, along with the QM PESs. Overall, QM barriers and minima on the PES around the C-S-N-C dihedral were well reproduced. For S-N-C-N, although the shape and the locations of the maxima and minima were well reproduced, the relative energy of the local minimum on the right was overestimated. However, since the low energy regions were well reproduced, the difference in the local minimum in a relatively high-energy region was considered acceptable. A similar trend is seen for the N-C-N-C dihedral, except that this time the local minimum in question is only 2.6 kcal/mol higher than the global minimum in the QM, compared to 6.3 kcal/mol in the MM. Although this discrepancy is thermodynamically relevant, neither the S-N-C-N nor the N-C-N-C PES can be improved without introducing serious discrepancies in the N2 and N4 improper dihedral PESs and in the corresponding out-of-plane wagging motions of the sulfonamide and aniline-type hydrogen atoms, which were considered more important. In the end, the overall shape and locations of the minima in the N2 improper dihedral PES were well reproduced ( Fig. 3(e1) ); although the energy barrier was slightly overestimated, the energy difference between the two minima was well represented. For the N4 improper dihedral, the relative energy of the local minimum at the right was underestimated and the barrier overestimated, but as discussed above, this cannot be improved without sacrificing the performance on other PESs. The final set of parameters reflects the overall compromise made between these different PESs.
The right column of Figure 3 represents the MM PESs of OBTZ using the dihedral parameters derived from the acyclic model compound. A general trend is that the energy barriers were elevated in OBTZ compared to the acyclic model compound due to the ring strain. For the same reason, the dihedral scans were limited to −90° to 90°. Similar difference patterns between MM and QM were observed for OBTZ as discussed above for the corresponding acyclic model compound. These include overestimated barriers on the S-N-C-N, N-C-N-C and N2 improper PESs, a shift in the minimum on the C-N-C-C PES, and opposite relative energy ordering of the two minima on N4 improper PES. However, the low energy regions of all PESs were reasonably reproduced, which is romising given the fact that all dihedral parameters were optimized using an acyclic counterpart and then directly applied to the cyclic compound. This demonstrates that CGenFF parameters that are optimized in a consistent way are reasonably transferrable between similar compounds. Though not included in the optimization, the N-S-C-C PES dihedral is also presented in Figure 3 (g2) and the reasonable agreement between MM and QM further validates the transferability of the dihedral parameters, which in this case were optimized for MBSM.
The eight hydrogen bond donor/accepter -water pairs shown in Figure 4 were used to optimize atomic partial charges for oxygen, nitrogen as well as sulfonamide hydrogen atoms in OBTZ. The final set of optimized charges yields good agreement between MM and QM water interaction energies with differences lower that 0.3 kcal/mol as shown in Table 2 . The interaction distances are typically underestimated by approximately 0.2 Å. As shown in Table 3 , the magnitude of the dipole moment is overestimated by 26% compared to the MP2 value, which is desirable to correctly reproduce bulk phase properties. Also, the direction of the dipole moment vector deviates only 3.5° from the MP2 result. Table 4 represents the MM geometries along with the QM results. Except for the S-N bond, QM bond lengths are reproduced within 0.03 Å; moreover, the respective underestimations of 0.046 Å and 0.025 Å for the S-N and S=O bonds are desirable to reproduce the corresponding crystal bond lengths. MM optimized angles, dihedrals and improper dihedrals are all within 5° of the QM data. The scaled MP2 vibrational spectrum is fairly well reproduced as shown in Table S29 . The agreement between the MM and QM PEDs is satisfactory considering that matching the individual modes is complicated for a large molecule like OBTZ because the mixing of the contributions from the internal degrees of freedom is different between the MM and QM.
Sulfones
The two sulfone model compounds shown in Figure 1(d) , dimethyl sulfone (DMSN) and ethyl methyl sulfone (EMSN), were used to optimize sulfone-related parameters. DMSN was used to optimize bond and angle parameters for the sulfone group and EMSN was selected to cover C-S-C-C dihedral parameters. DMSN was first optimized and atomic partial charges were then transferred to EMSN with the additional methyl group being assigned standard CHARMM charges. This set of charges yields good performance on water interactions (RMS deviation of 0.23 kcal/mol) and dipole moments (33% overestimation of QM value) for both DMSN and EMSN, as shown in Table 5 . Figure 5(a) shows the MM PES scan result for C-S-C-C dihedral along with the QM result; the energetic profile is well reproduced. MM equilibrium geometries are in good agreement with MP2 data as indicated by the small RMS deviations for bonds (0.02 Å), angles (0.7°) and dihedrals (0.6°). Similar to sulfonamide model compounds, the S=O bond lengths in DMSN and EMSN are underestimated by 0.034 Å on average in order to reproduce the corresponding crystal data. Force constants in the parameters are well optimized as indicated by the small average deviation of 3% for vibrational frequencies compared to QM data. Detailed results for the sulfone model compounds can be found in Table S30 -S37 in the SI.
Sulfonates
Two neutral model compounds, methyl methane sulfonate (MMST) and phenyl methanesulfonate (PMST) were used to optimize neutral sulfonate group related parameters. An anionic sulfonate group is also seen in medical use, such as taurine derivatives used as anti-convulsant, anti-alcoholic and anti-cancer agents, 68 three negatively charged aliphatic sulfonate model compounds, methanesulfonate (MSNA), ethanesulfonate (ESNA) and propanesulfonate (PSNA) were optimized to cover the sulfonate anion related parameters. Their structures are shown in Figure 1 (e). It should be noted that an aromatic sulfonate anion model compound, benzenesulfonate, had already been optimized and is present in CGenFF. 69 Neutral model compounds-Model compounds MMST and PMST were used to cover aliphatic and aromatic sulfonate parameters, respectively. MMST was first optimized and atomic partial charges for the sulfonate group were directly transferred to PMST with standard aromatic C-H charges assigned to the additional phenyl group. Without further optimization, the transferred charges yielded good agreement between MM and QM water interaction energies for PMST as shown in Table S41 . Figure 5(b) shows the MM PESs given by the final set of parameters along with the QM PESs. Similar to the findings for the studied sulfonamides, a lower QM energy barrier in the C-S-O-C PES is seen for the phenyl group containing model compound PMST compared to MMST. It should be noted that the PES of MMST is consistent with the PESs calculated for the same molecule in Ref. 21 at DFT and MP2 level of theory using different basis sets. Overall, the optimized parameters reproduced the QM PES quite well; their performance with respect to other properties can be found in Tables S38-S45 in the SI. Table 6 Negatively charged model compounds-For the sulfonate anions, a different sulfur atom type was adopted. This atom type was previously developed specifically for negatively charged sulfur containing compounds and was used in sulfates as well as benzenesulfonate. 69 Since the latter molecule was previously used to optimize aromatic sulfonate parameters, the three model compounds with increasing alkyl chain lengths mentioned above were used to extend the force filed to cover aliphatic sulfonates. Partial atomic charges were optimized using MSNA and then directly transferred to ESNA and PSNA along with additional standard methyl or ethyl group charges. The transferability of the charges was verified by the good agreement between QM and MM water interaction energies with an RMS deviation of only 0.1 kcal/mol, as shown in Table 7 . The interaction distances were also underestimated by 0.17 Å on average, as desired for the purpose of bulk phase simulations. As the dipole moment is translationally variant for charged molecules, the water interactions are used as the main target for charge optimization; nevertheless, it should be mentioned that after proper alignment of the MM and QM geometries, the QM dipole moments are well reproduced with an RMS angular deviation of 2.5° and an average deviation in magnitude of −2%.
Figure 5(c) shows the MM and QM PESs for the O-S-C-C dihedral in ESNA and the O-S-C-C and S-C-C-C dihedrals in PSNA.
Considering the symmetry of the groups involved in the dihedral scan, the O-S-C-C dihedrals in MSNA and PSNA were scanned from −60° to 60°a nd the S-C-C-C dihedral in PSNA was scanned from −180° to 0°. The quality of the corresponding dihedral parameters is evident from the excellent agreement between the QM and MM PESs. QM equilibrium geometries are well reproduced with an RMS deviation of 0.026 Å, 0.58° and 0.3° for bonds, angles and dihedrals, respectively. Vibrational frequencies are also well reproduced within 4% of the QM values on average. Detailed results can be found in Table S46 -S57 in the SI.
Sulfamates
Two model compounds, methyl sulfamate (MSMT) and phenyl sulfamate (PSMT), were used to optimize sulfamate parameters (Figure 1(f) ). Specifically, MSMT represents the aliphatic sulfamates while PSMT represents their aromatic counterparts. Atomic partial charges were first fully optimized in MSMT and then directly transferred to PSMT with the additional phenyl group being assigned standard CHARMM aromatic C-H charges. The charge on the aromatic carbon linked to the sulfamate group in PSMT was assigned the total charge of the methyl group in MSMT to keep a total charge of zero. The good quality of this set of charges is indicated by the small average deviation of 0.19 kcal/mol for the water interaction energies, as shown in Table 8 . Again, the water interaction distances are generally underestimated by 0.2 Å. The gas phase dipole moments are overestimated by 27% on average compared to MP2 level data and the directions are well reproduced as indicated by the small RMS deviation of 1.2°.
Dihedral parameters were optimized using QM PES scans on the N-S-O-C dihedrals in MSMT and PSMT. The S-O-C-C dihedral parameter was not adjusted for PSMT as it had already been fully optimized in PMST. The final MM PES results along with the corresponding QM PESs are represented in Figure 5 (d). A higher barrier is seen for the QM PES around N-S-O-C in MSMT compared to PSMT, in line with the trend observed above. Good agreement is achieved between MM and QM results for all PES scans. QM equilibrium geometries are well reproduced as indicated by the small deviations in the bond lengths, angles and dihedrals listed in Table 8 . Vibrational frequencies are reproduced within 5.6% of the corresponding QM frequencies on average. Detailed MM results can be found in Table S58 -S65 in the SI.
Validation
MD simulations in both crystalline and liquid phases were undertaken to validate the developed parameters for sulfonyl group containing compounds. Crystal simulations were used mainly to test the ability of the force field to reproduce intramolecular geometries in bulk phase, thereby testing the bonded parameters. Nevertheless, the nonbonded parameters were also validated based on analyses of crystal cell volumes and unit cell parameters. Liquid phase simulations were used to validate nonbonded parameters based on the ability of the force field to reproduce experimental pure solvent densities. As CHARMM is a biomolecular force field mainly used in bulk phase simulations, such validations are important, reflecting the overall quality of the developed force field for condensed phase simulations.
Crystalline phase validation-A total of 11 compounds as shown in Figure S2 , taken from the CSD, were simulated as infinite crystals using MD at constant temperature and pressure (NPT). These compounds were selected to the best possible extent to cover all model compounds that were used to develop sulfonyl group related parameters. Some CSD compounds are exactly the same as the model compounds, while others have the model compound moieties as their components. For example, CSD entry MIYFEF is a crystal of the model compound MMSM, while CSD entry GESSOM contains a molecule similar to the model compound MBSM but with an additional methyl group attached to the phenyl group in the para position. Sometimes, several CSD compounds were found to be derivatives of a given model compound. In such cases, only the CSD compounds with substituents that were readily available in CGenFF were selected, such that no new parametrization was required for their simulation. If more than one compound satisfied this requirement, then the one with the simplest substituent was used. Detailed information about the CSD compounds used in the validation is presented in Table 9 . The crystal unit cell of CSD entry BAKLAA contains sodium ions, and these ions were represented by the ion parameters in the CHARMM22 protein force field during the simulation. 70 For cyclic sulfonamide model compound OBTZ, only crystals that contain the drug compound HCTZ (CSD entry HCSBTZ04) were found. Compound HCTZ can be treated as a combination of model compounds BSAM and OBTZ. However, it also contains a chlorine atom on the heterocycle, which introduces a new S-C-C-CL dihedral parameter. Considering the aromatic nature of the central C-C bond, the standard parameter for inner ring dihedral around an aromatic bond was used. The atomic partial charges were transferred from BSAM and OBTZ, and the charge on chlorine and its adjacent C-H group was transferred from chlorobenzene, which is already present in CGenFF. After initially assigning these charges, the charges on the aromatic carbons were slightly adjusted to yield a total charge of zero. Table 10 shows the computed unit cell length parameters A, B and C as well as the volumes averaged over the 5 ns trajectories. For monoclinic unit cells, the unit cell angle parameter β is also listed. In general, the unit cell length parameters were well maintained, with the RMS deviations for A, B and C being 2.1%, 2.6% and 3.3%, respectively. In systems with a monoclinic unit cell, the unit cell angle β was allowed to vary during the simulation. For all of these 6 systems, β was well preserved during the simulation and the RMS deviation is only 0.5%. The volume of the crystal unit cell was well reproduced for all systems and an RMS deviation of 2.1% is obtained.
MD results for the crystal intramolecular geometries are shown in Table 11 . For each bond, angle and dihedral of interest, the MD result was averaged over the 5 ns simulation. For each crystal, there were several such averages for each geometric parameter since several independent molecules were present in one unit cell. Additionally, for each geometric parameter, averages were collected over all simulated systems in which it occurred. In other words, the statistical analyses listed in Table 11 reflect the final averaged deviations over all independent molecules and all simulated systems. Overall, the force field reproduces the crystal geometries to a satisfactory level of accuracy. The RMS deviations are typically less than 0.04 Å, 6° and 8° for bonds, angles and dihedrals, respectively. Among all bonds, the S-N H2 bond shows the largest average deviation as 0.038 Å, however, considering the deviation with QM data can be as large as −0.062 Å, such a difference is considered acceptable. Similarly, for the S-N H bond with an average deviation of 0.013 Å, the corresponding average deviation from QM is −0.047 Å. In summary, the few significant deviations in the crystal geometries reflect compromises made in the optimization of the bond parameters.
Pure solvent densities-Due to the high melting points of sulfonyl containing compounds, pure solvent density data were only available for model compound MMST and DMSN. However, such data still provide the opportunity to validate the LJ parameters adopted for the sulfonyl sulfur atom type by analogy as described above. Table 12 represents the calculated densities using eq. (1) over a 5ns MD simulation for model compounds MMST and DMSN at the respective experimental temperatures. The calculated densities are in good agreements with the experimental values, with all deviations falling within 2%; the RMS deviation is 1.3%. This suggests that the transferred LJ parameters work well for the sulfonyl group containing compounds. The deviations in reproducing solvent densities are generally less than the deviations in crystal unit cell volumes. This may be attributed to the highly directional hydrogen bonding networks in crystals, which are harder to reproduce than the orientationally-variant interaction networks in liquid phases, as noted in prior work. 71 
Application of the developed force field on a sulfonamide-terminated peptide
As a final validation, the force field was applied to study the conformational properties of a sulfonated peptide in solution. Non-peptidic segments that can be employed as β-strand mimetics have received much attention [72] [73] [74] due to their potential to disrupt protein-protein interactions where extended peptide conformations serve as recognition motifs. 75 In contrast to the trans configuration mainly adopted by the peptide bond, the relatively low rotational barrier around S-N bonds (Figure 2 ) may enable adjacent S=O and N-H moieties in sulfonamides to adopt more to hydrogen bonding opportunities with their environment. Towards understanding this possibility, Langenhan et al. have characterized the hydrogen bonding pattern of the sulfonamide unit in Ace-L-Val-D-Pro-Sulfonamide (Figure 6 ). 13 NOE analysis confirmed that a hairpin-like conformation was significantly populated in deuterated chloroform. These experimental results provide an opportunity to test if the newly developed force field can give reasonable descriptions of conformational sampling of a peptide that includes a sulfonamide moiety.
The present CGenFF parameters were combined with the C22/CMAP protein parameters. Missing parameters associated with the peptide to sulfonamide link ( Figure 6 ) were transferred from model compound EESM by analogy. The intrinsic compatibility of CGenFF with the remainder of the CHARMM additive force field greatly facilitates this process. For example, the quaternary carbon atom at the interface has an atom type of CG301 in CGenFF, while the amide nitrogen atom on the protein side has an atom type of NH1. This results in an undefined bond parameter as CG301-NH1. Considering the chemical environment, the amide nitrogen atom at the interface has a corresponding atom type NG2S1 in CGenFF. And as quaternary and tertiary carbons usually have similar parameters, the available bond parameter of CG311-NG2S1 can be used for the C-N bond at the interface. The remaining parameters were chosen in a similar fashion, with the final parameters defining the linkage included in Table S66 of the SI.
To enhance conformational sampling, temperature replica exchange (REX) MD was employed. A total of 8 replicas were simulated under different temperatures and the coordinates of adjacent replicas were either retained or exchanged based on the Metropolis criteria at intervals of 2 ps during the simulation. 62 A temperature range of 298-340K with exponential spacing of the 8 replicas was used, yielding an exchange success rate of approximately 22%. The trajectory of the first replica at the experimental temperature was used for conformational analyses.
In the experimental work by Langenhan et al. 13 NMR chemical shift data were recorded for the three amide protons in the compound. In addition, chemical shifts were also measured for two reference compounds that represent the two separate parts of the peptide obtained when breaking the proline Cα-C bond. This experiment was designed to clarify the impact of the peptide environment on hydrogen bonding. It was found that in the full peptide, the chemical shifts of the hydrogens in the sulfonamide, the valine amide and the proline Cterminal amide were, respectively, shifted 0.7, 0.3 and 0.17 ppm downfield with respect to the corresponding reference compounds. This indicated that these moieties were involved in hydrogen bonds in the full peptide that were not present in the reference compounds. There are six possible hydrogen bonds in the peptide system. These are the interactions between the valine N-H and the sulfonamide S=O (N-H1…O=S) or proline C=O (N-H1…O3=C) , between the proline C-terminal N-H and the N-terminal C=O (N-H2…O1=C) or valine C=O (N-H2…O2=C) , and between the sulfonamide N-H and the valine C=O (N-H3…O2=C) or N-terminal C=O (N-H3…O1=C). Figure 7 presents the sampling of the corresponding distances during the last 8 ns of the REX simulation. As is evident, extensive intramolecular hydrogen bonding is occurring, with several of those hydrogen bonds breaking and reforming multiple times during the REX simulation. Notably, the N-H2…O1=C is anticorrelated with the N-H1…O=S and N-H3…O2=C distances as the proline C terminus cannot form a close contact with the valine N terminus when the sulfonamide was in close contact with valine backbone. Hydrogen bonding analysis was performed based on a distance criterion 76 of 2.4 Å with the results listed in Table 13 . Notably, the calculated hydrogen bond occupancies are in the same order as the experimental chemical shift differences (i.e. the hydrogen bonds involving the sulfonamide N-H are populated the most while the proline C-terminal N-H hydrogen bonds are populated the least). The interaction between the sulfonamide N-H3 and valine C=O2 has the longest average life time which is consistent with the relatively small fluctuation seen in Figure 7 , suggesting this hydrogen bond is very favorable. The average lifetime of 1.9 ps for the N-H1…O=S hydrogen bond suggests this interaction is relatively weak and can be broken easily in the simulation. This is consistent with the fact that the sulfonyl oxygen is a weak hydrogen bond acceptor compared to the carbonyl oxygen atom in the peptide unit, as mentioned in the experimental study. Though it has the lowest occupancy, the hydrogen bonding involving the proline Cterminus N-H2 still achieved an average lifetime of 1.9 ps.
Besides measuring the chemical shifts, Langenhan et al. also measured NOEs. 13 Strong correlations were found between a proline δ proton and both the valine α and γ protons. In addition, an interstrand NOE between the sulfonamide proton and valine amide proton was observed. Distances between these proton pairs calculated from the simulation are shown in Figure 8 . The average distances were 2.25, 2.90 and 4.75 Å for H δ … H α , H δ … H γ and H1… H3, respectively, which is in good agreement with the experimental signals and intensities discussed above.
In the published study, based on the observed NOEs it was concluded that a hairpin-like conformation was highly populated. Figure 9 presents the sampling of the pseudo angle defined by the valine N, the proline C and the sulfonamide S in the simulation. This pseudo angle samples two distinct regions: one around 55°, which is the most populated, and one around 90°. Snapshots associated with these peaks were obtained and are shown in Figure 9 . Both conformations involve folded structures. The conformation associated with the 90°p eak shows the sulfonamide H hydrogen bonding with the proline carboxyl group. In the 55° conformation, a fully folded β-structure is observed that involves hydrogen bonds formed between the sulfonamide group and the NH and CO moieties of the valine residue. This stabilizes the β-hairpin-like conformation, confirming the interpretation of the experimental data in the original study. Thus, the presented sulfonamide parameters in conjunction with the C22/CMAP force field can reproduce the published NMR data in the absence of any restraints, demonstrating the fitness of the force field for studying drug-like molecules.
Conclusion
The present set of optimized parameters is an important extension of CGenFF, as it enables the modeling and simulation of commonly used sulfonyl group containing motifs. Representative model compounds from different sulfonyl group based chemical moieties such as sulfonamide, sulfone, sulfonate and sulfamate were considered to cover a wide range of functional groups. The optimization procedure adopted here is consistent with the remainder of the CHARMM additive force field and the optimization of all model compounds was done in a hierarchical fashion. Thus, the newly developed parameters are fully compatible with the existing CGenFF parameters and can be easily transferred to other sulfonyl group containing compounds.
Condensed phase simulations were employed to validate the ability of the force field to reproduce experimental geometric properties in both crystalline and liquid environment, with satisfactory agreement obtained in both cases. Finally, to test the performance of the force field in the context of a representative application, the conformational preference of a sulfonamide-containing peptide was studied and the results were compared to experimental data. Together with the CHARMM protein force field, the CGenFF parameters for sulfonamides were able to reproduce the experimentally predicted conformations and hydrogen bonding patterns during and enhanced-sampling MD simulation, and statistical analysis of the resulting MD trajectory showed an excellent agreement with the experimental NMR chemical shifts and NOE correlations. This application not only demonstrates the ability of the CHARMM force fields to correctly describe the behavior of biomolecules in biological environment, but also serves as a showcase of how the CHARMM force field can be used to interpret experiment results.
The newly developed parameters are available as part of the CGenFF topology and parameter files on the website of the MacKerell laboratory (http:// mackerell.umaryland.edu/).
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Refer to Web version on PubMed Central for supplementary material. Dihedral PESs for the acyclic sulfonamide model compounds. Solid line represents QM data and dashed line for MM data. Surfaces are in 3° increments for (a)-(c), 5° increment for (f), and 10° increments for the others. Discontinuities are related to simultaneous changes of dihedral or improper dihedral angles other than the one being scanned; pyramidal inversions of sulfonamide nitrogen atoms were particularly common in this respect. Dihedral PESs for OBTZ (right column) and OBTZ related acyclic model compound (left column). Solid line represents QM data and dashed line for MM data. Surfaces are in 3°i ncrements for (e1), (f1), (e2) and (f2), 5° increments for (a2)-(d2) and (g2), and 10°i ncrements for the others. Interaction orientations of OBTZ with water molecules that were used for charge optimization. Samplings of the distances between hydrogen bonding donor oxygen atoms and acceptor hydrogen atoms during the simulation. Probability distributions are also shown on the right side of each plot. For the N-H1…O=S interaction pair, as there are two oxygen atoms in sulfonyl group, the shorter distance at each time step was used. Sampling of the distances between protons defining the experimental NOEs during the simulation along with the corresponding probability distributions along the right edge of the plots. As there are two proline δ protons and six valine γ protons, at each time step there are two Hδ… Hα and twelve Hδ…Hγ pairs. Only the shortest distance value was used for each time step. Sampling of the pseudo angle defined by the valine nitrogen atom, proline carbonyl carbon atom and sulfonamide sulfur atom during the simulation. Conformations taken from 3 and 8 ns are presented with hydrogen bonding interactions shown in dotted line. The corresponding angle values are indicated by arrows pointed to the probability map. Average deviation (AD), root mean square deviation (RMSD), and absolute average deviation (AAD) are presented for each property. Only the vibrational frequencies lower than 2700 cm −1 were considered. All bonds and angles in a molecule were counted, while only one dihedral for each rotational bond in a molecule was considered. For symmetric molecules, only one out of the symmetric hydrogen bond donors/acceptors was considered for water interactions. The QM level of theory is MP2/6-31G(d) for geometries, frequencies and dipole moments and HF/6-31G(d) for water interactions. Same for the following statistical analyses of other model compounds. Table 2 MM and HF/6-31G(d) level interaction energies (kcal/mol) and distances (Å) of OBTZ water complexes as shown in Figure 4 .
Interaction Geometry
ΔE ( Table 7 Statistical analysis of the difference between the final MM and QM geometries, vibrational frequencies, interactions with waters and dipole moments for sulfonate anion model compounds. Table 9 Crystals used for force field validation. As in monoclinic unit cell, all angles are constrained to 90°, these data are not included in the calculation of average deviations (AD), root mean square deviations (RMSD) and absolute average deviations (AAD).
Table 11
Statistical analysis of the difference between the final MM and experimental crystalline intramolecular geometries. Each data point was collected with the corresponding geometry parameter averaged over the MD production time. S -1 refers to the sulfur atom in sulfonate anion. N H2 and N H are for nitrogens in amine group with one and two hydrogens. C H3 and C H2 are for methyl and methylene group carbons. C ar refers to the aromatic carbon atoms as in phenyl group.
Table 12
Comparison of the calculated and experimental pure solvent densities. Hydrogen bonding analysis for specific atom pairs in the peptide system All sulfonamide N-H3 involved pairs 0.594 6.7
